Somatic and dendritic whole-cell recording was used to examine action potential (AP) initiation and propagation in layer 5 pyramidal neurons of the rat prelimbic prefrontal cortex. APs generated by somatic current injection, or via antidromic stimulation, were reliably recorded at apical dendritic locations as far as 480 m from the soma. Although the backpropagation of single APs into the apical dendrite was robust, frequency-dependent attenuation was observed during AP trains delivered at 10 -100 Hz. APs were usually initiated close to the soma (presumably in the axon); however, strong depolarizing input to the apical dendrite could generate dendritic spikes that preceded somatic APs. AP backpropagation was dependent solely on activation of dendritic voltage-gated sodium channels and did not require activation of dendritic calcium channels. Despite not playing a role in AP backpropagation, calcium-imaging experiments demonstrated that dendritic calcium channels are activated by backpropagating APs, leading to transient increases in intracellular calcium. In addition, calcium imaging revealed that AP backpropagation into the distal apical tuft was frequency dependent. Finally, we tested whether dopamine, a prominent neuromodulator associated with prefrontal activity, could alter AP initiation or backpropagation. Bath-applied dopamine (10 or 100 M) did not effect AP backpropagation, frequency-dependent depression, local dendritic spike initiation, or AP-induced calcium signaling. These data indicate that AP backpropagation in prefrontal layer 5 pyramidal neurons is robust but frequency dependent in the distal tuft, requires dendritic sodium rather than calcium channel activation, and, unlike other aspects of neuronal excitability, insensitive to modulation by dopamine.
Introduction
During the past decade, it has become apparent that the apical dendrites of cortical pyramidal neurons in the somatosensory cortex and hippocampus express voltage-gated channels that allow active backpropagation of axonally generated action potentials (APs) into the apical dendritic tree (Stuart and Sakmann, 1994; Spruston et al., 1995; Stuart et al., 1997) . These backpropagating APs have important physiological consequences for synaptic integration ) and plasticity (Linden, 1999) . In addition, the interaction of backpropagating APs with active dendritic conductances or concurrent synaptic input has been shown to promote high-frequency burst firing in pyramidal neurons Schwindt and Crill, 1997; Larkum et al., 1999a; Magee and Carruth, 1999; Williams and Stuart, 1999) .
One cell type in which phasic periods of high-frequency AP firing are thought to have important functional consequences is the pyramidal neuron in the prefrontal cortex. This cortical area is critical for a form of short-term memory known as "working memory." Unlike other types of memory such as episodic, semantic, or fear-conditioned memory, working memory is not thought to require permanent changes in the synaptic strength of connections between neurons (i.e., long-term synaptic plasticity). Rather, working memory is believed to involve encoding of behaviorally relevant information in the sustained activity of specific subsets of prefrontal pyramidal neurons (Goldman-Rakic, 1995) . This reverberatory activity has been proposed to be dependent on modulation of specific voltage-dependent membrane conductances in the somata and dendrites of prefrontal neurons (Yang and Seamans, 1996; Durstewitz et al., 2000) . However, the active dendritic properties of these neurons have not been fully characterized. Although previous studies have noted the presence of dendritic voltage-activated sodium and calcium channels in prefrontal pyramidal neurons (Seamans et al., 1997; GonzalezBurgos and Barrionuevo, 2001) , their potential physiological role in action potential initiation or backpropagation has not been explored.
It has been hypothesized that dopaminergic regulation of active dendritic conductances may be important for modifying the excitability and overall firing rates of prefrontal pyramidal neurons during behavioral tasks requiring working memory (Yang and Seamans, 1996; Durstewitz et al., 2000; Dreher et al., 2002) . Although there is little direct evidence for this hypothesis, modulation of dendritic channels by dopamine would be expected to have important consequences for synaptic integration in these neurons. Dopamine has been shown to modulate voltageactivated sodium and calcium channels in prefrontal neurons (Geijo-Barrientos and Pastore, 1995; Yang and Seamans, 1996; Gorelova and Yang, 2000; Maurice et al., 2001) , and thus could, in principle, regulate the initiation and active backpropagation of APs into the dendrites of these neurons.
We used dual whole-cell recording and calcium-imaging techniques to directly test the hypothesis that the apical dendrites of prefrontal layer 5 pyramidal neurons express active conductances capable of supporting AP backpropagation and dendritic spike generation. In addition, we investigate whether dopamine, a prominent neuromodulator associated with prefrontal activity, can modulate active dendritic properties in these neurons.
Materials and Methods
After halothane anesthesia and decapitation, the brains of 3-to 5-weekold Wistar rats were removed into an ice-cold solution containing (in mM): 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 1 CaCl 2 , 6 MgCl 2 , and 25 glucose (bubbled with 95% O 2 /5% CO 2 ). Coronal brain slices (300 m thick) containing the prelimbic prefrontal cortex were made using a vibrating tissue slicer (Dosaka, Kyoto, Japan) and were incubated for 30 -45 min in a similar solution containing 2 mM CaCl 2 and 1 mM MgCl 2 heated to 35°C. Slices were subsequently stored at room temperature for up to 6 hr before being placed, as needed, into the recording chamber where they were perfused with the 2 mM CaCl 2 /1 mM MgCl 2 solution heated to 35°C.
Whole-cell somatic and dendritic current-clamp recordings were made under visual control from layer 5 pyramidal neurons in prelimbic prefrontal cortex using methods described previously (Stuart et al., 1993) and BVC-700 current-clamp amplifiers (Dagan, Minneapolis, MN). Recording pipettes (4 -10 M⍀) were filled with an internal solution containing (in mM): 135 K-gluconate, 7 NaCl, 2 MgCl 2 , 10 HEPES, 2 Na 2 ATP, 0.3 NaGTP, pH 7.2 (KOH). After adjustment of capacitance neutralization, compensated whole-cell series resistance was generally between 20 and 40 M⍀ and stable throughout recordings. Cells that showed large changes in series resistance were discarded for data analysis purposes. Membrane potentials were corrected for the liquid junction potential (12 mV) and rounded to the nearest millivolt. Voltage and current signals were filtered at 10 kHz and acquired at 30 or 50 kHz using an ITC-16 interface (InstruTech, Port Washington, NY) controlled by an Apple PowerPC running Axograph software (Axon Instruments, Foster City, CA). Data are presented as mean Ϯ SEM. Statistical analysis used the Student's t test.
APs were generated via current injection through the somatic or dendritic recording pipette or via antidromic stimulation. Antidromic stimulation was achieved using a patch pipette filled with extracellular saline placed near the axon of the neuron of interest. Stimuli (50 sec) were generated using a custom-built stimulation isolation unit. Unless otherwise stated, APs were generated at 0.05-0.1 Hz. AP amplitude was measured from threshold when induced by current injection and from the resting potential when generated with antidromic stimulation.
For calcium imaging, neurons were loaded with the calcium-sensitive dye Oregon Green BAPTA-1 (200 M; Molecular Probes, Eugene, OR) and visualized using a confocal microscope (LSM 510; Zeiss, Thornwood, NY). Line scans (0.5-1 kHz temporal resolution) were made at the indicated somatic and dendritic locations once per minute, and APs were generated via somatic current injection. Raw data were background subtracted, and the change in fluorescence relative to the resting fluorescence (⌬F/F) was calculated using a 100 -200 msec baseline before somatic current injection. In control experiments, we observed a progressive decrease in ⌬F/F over time (mean change in ⌬F/F after 20 trials for single APs, Ϫ44 Ϯ 7%; for trains of five APs, Ϫ47 Ϯ 6%; n ϭ 3), which presumably occurred because of a time-dependent increase in dye concentration. Therefore, to assess the potential effect of drug applications on calcium signaling, we compared the average ⌬F/F recorded during drug application with the average of control trials obtained before and after drug application.
Drugs (Sigma, St. Louis, MO) were focally or bath applied at the following concentrations: TTX, 1 M; CdCl 2 , 200 M; kynurentic acid, 3 mM; bicuculline methiodide, 20 M; dopamine, 10 or 100 M; and nomifensine, 1 M. Bath-applied dopamine was made fresh daily and always included ascorbate (10 M) to reduce oxidation. For focal dendritic drug applications, drugs were dissolved in extracellular saline and loaded into a patch pipette positioned ϳ20 m proximal to the dendritic recording site. CdCl 2 was dissolved and applied in saline lacking NaH 2 PO 4. Only one cell receiving a single drug treatment was used from each slice.
Results
Action potential backpropagation AP initiation and propagation was investigated in layer 5 pyramidal neurons from prefrontal prelimbic cortex using dual wholecell recordings from the soma and apical dendrite (up to 480 m from the soma). In our slices, the apical dendrites of pyramidal neurons ranged in length from ϳ500 -800 m (including the apical tuft), depending on the superior-inferior location of the soma. Therefore, our most distal dendritic recordings correspond to measurements from the distal part of the apical dendrite near the base of the apical tuft. Somatic current injections (500 msec) were used to evoke action potentials that were recorded simultaneously at somatic and dendritic locations ( Fig. 1 A, B) . When generated in this way, APs were always observed to occur first at the soma and subsequently at the apical dendritic recording site (Fig. 1 B) . Average peak-to-peak conduction velocity was 0.47 Ϯ 0.03 m/sec (Fig. 1C,D) , which is similar to that found previously in layer 5 pyramidal neurons from somatosensory cortex under similar recording conditions (0.5 m/sec; 4-week-old rats; 35°C) . AP propagation in apical dendrites was robust, with APs showing only modest attenuation with distance from the soma (Fig. 1 E) . At distances from 420 -480 m from the soma, dendritically recorded APs had amplitudes that were 57 Ϯ 7% of their somatic values (n ϭ 4; compare with ϳ50% attenuation at 500 m in somatosensory layer 5 pyramidal neurons) . Attenuation of steady-state somatic voltage (Fig. 1 F) was significantly greater than AP backpropagation (steady-state attenuation at distances Ͼ420 m, 78 Ϯ 3%; n ϭ 4; p Ͻ 0.05), indicating that AP backpropagation is active.
Frequency dependence of backpropagation
Backpropagating APs in both CA1 (Callaway and Ross, 1995; Spruston et al., 1995) and somatosensory layer 5 Williams and Stuart, 1999; Larkum et al., 1999b Larkum et al., , 2001 pyramidal neurons are sensitive to the frequency of AP generation, showing increased attenuation during high-frequency AP trains attributable to cumulative sodium channel inactivation (Colbert et al., 1997; Jung et al., 1997) . To test for frequencydependent depression of backpropagating APs, we used antidromic stimulation to produce trains of 10 APs at 10, 20, 50, and 100 Hz. Backpropagating APs were recorded at dendritic locations up to 335 m from the soma (Fig. 2) (n ϭ 11). During AP trains, the amplitude of successive APs decreased, with the extent of this decrease dependent on AP frequency (Fig. 2 A, B) . The amount of frequency-dependent depression, quantified as the ratio of the amplitude of the tenth AP relative to that of the first, was also dependent on the distance of the dendritic recording from the soma (Fig. 2C) , with distal locations showing the greatest frequency-dependent attenuation. In contrast to layer 5 pyra-midal neurons from somatosensory cortex Williams and Stuart, 1999; Larkum et al., 1999b Larkum et al., , 2001 ), highfrequency AP firing was not associated with any obvious dendritic calcium electrogenesis even at the most distal dendritic locations (Fig. 2 A) .
Role of sodium and calcium channels in backpropagation
Previous work in pyramidal neurons from the CA1 region of the hippocampus (Spruston et al., 1995) and somatosensory cortex (Stuart and Sakmann, 1994) indicates that AP backpropagation into apical dendrites depends on activation of dendritic voltageactivated sodium channels. To determine whether dendritic sodium channels participate in AP backpropagation in prefrontal cortex layer 5 pyramidal neurons, we focally applied TTX (1 M) to the apical dendrite just proximal to the site of dendritic recording (Fig. 3A) . In these experiments, local TTX application reduced AP amplitude by 66 Ϯ 3% while having a negligible effect on somatic AP amplitude (mean change, 1.2 Ϯ 0.4%; n ϭ 5). These data indicate that activation of TTX-sensitive dendritic sodium channels is required for AP backpropagation in prefrontal pyramidal neurons.
To test for activation of dendritic calcium channels by backpropagating APs, we compared antidromic APs generated before and during bath application of CdCl 2 (200 M; n ϭ 12) (Fig. 3B ). To control for the potential effect of cadmium application on the tonic activation of excitatory and inhibitory dendritic synapses, in six of these experiments we included 3 mM kynurenic acid and 20 M bicuculline in the recording saline. Because there were no significant differences between results obtained with and without synaptic antagonists, the data were grouped together. Cadmium application caused a small but significant increase in the amplitude of dendritically recorded APs of 6.1 Ϯ 2.4% (n ϭ 12; p Ͻ 0.05). In addition, while having no significant effect on backpropagating AP rise time (10 -90%; mean change, Ϫ4.5 Ϯ 3.3%) or width at half-amplitude (mean change, 9.7 Ϯ 8.2%), cadmium application significantly increased the width of the late decay phase of the AP (Fig. 3B ). When dendritic AP base-width was measured at 15% of peak amplitude, cadmium application produced a 38 Ϯ 7% increase in AP width (n ϭ 12; p Ͻ 0.05). These effects of cadmium are opposite to what would be expected if AP backpropagation required activation of dendritic voltage- activated calcium channels. The small increase in dendritic AP amplitude in cadmium may be attributable to a nonspecific action of cadmium on fast-inactivating potassium channels (Bekkers, 2000) , whereas the increase in dendritic AP base-width is presumably attributable to block of calcium-activated potassium channels. Because cadmium application had similar effects on the AP at the soma, the changes to backpropagating APs in cadmium are likely to be secondary to changes in the somatic AP waveform. Additional experiments will be required to determine the potential role of dendritic voltage-and calcium-activated potassium channels in regulation of AP backpropagation in prefrontal pyramidal neurons. Despite this complication, our findings with cadmium demonstrate that backpropagating APs do not require activation of dendritic calcium channels. This conclusion is consistent with previous reports showing minimal calcium electrogenesis in the apical dendrites of prefrontal pyramidal neurons (Seamans et al., 1997; Gonzalez-Burgos and Barrionuevo, 2001) . Together, the above data demonstrate that active backpropagation of APs into the apical dendrite requires activation of dendritic sodium channels and is not associated with significant dendritic calcium channel activation.
Dendritic spike initiation
When the apical dendrites of somatosensory or CA1 hippocampal pyramidal neurons are sufficiently depolarized, local regenerative events can occur that precede somatic AP generation Stuart et al., 1997; Golding and Spruston, 1998) . In somatosensory or CA1 pyramidal neurons, these local dendritic spikes are mediated by the activation of dendritic sodium and calcium channels. To determine whether strong dendritic depolarization can also initiate dendritic spikes in prefrontal pyramidal neurons, we depolarized dendrites via current injection through the dendritic recording electrode or via distal synaptic stimulation in layers 2/3 (Fig. 4) .
APs generated by brief (3-5 msec) current steps of increasing amplitude via the apical dendritic recording pipette (120 -480 m from the soma) were observed first by the somatic recording pipette and then subsequently by the dendritic recording pipette, indicating an axo-somatic site of AP initiation (Fig. 4 A, top) . Increasing the magnitude of dendritic current injection led to the initiation of dendritic spikes that preceded somatic APs (Fig. 4 A, bottom) (n ϭ 15). Similarly, synaptic stimulation delivered to layers 2/3 at low stimulation intensity led to generation of APs that were observed first by the somatic recording pipette and subsequently backpropagated into the dendrites (Fig. 4 B, top) . Increasing the intensity of synaptic stimulation resulted in the initiation of dendritic spikes that preceded somatic APs (Fig. 4 B, bottom) (n ϭ 7). That the synaptic responses in these experiments were of dendritic origin was supported by the observation that EPSPs recorded at dendritic locations (175-480 m from the soma) were always larger than those detected at the soma (n ϭ 7 of 7 cells). Local dendritic spikes were never observed in isolation and were always followed with a short delay by APs detected at the somatic recording site, suggesting that dendritic spikes in prefrontal pyramidal neurons can propagate to the soma and have a direct impact on axonal AP initiation. In four cases tested, focal or bath application of cadmium (200 M) had no effect on dendritic spikes generated by dendritic current injection, suggesting that, similar to backpropagating APs, dendrite spikes are mediated by voltage-activated sodium channels rather than calcium channel activation (data not shown). Consistent with this observation, the time course of dendritic spikes was similar to that of backpropagating APs (compare Figs. 1 B and 4 A) . Together, these data demonstrate that strong dendritic depolarizations in prefrontal pyramidal neurons can initiate local dendritic spikes mediated primarily by dendritic sodium channels, and that these dendritic events can directly influence axonal AP generation.
Dopamine does not modulate AP backpropagation
The above data suggest a critical role for voltage-gated sodium channels in both AP backpropagation and dendritic spike generation in the apical dendrites of prefrontal pyramidal neurons. Dopamine, an important neuromodulator in prefrontal cortex, has been reported to both increase (Yang and Seamans, 1996; Gorelova and Yang, 2000) and decrease (Geijo-Barrientos and Pastore, 1995; Maurice et al., 2001 ) sodium channel activation in prefrontal pyramidal neurons. As a consequence, dopamine would be expected to modulate AP backpropagation and dendritic spike generation. To test this, we investigated the effect of bath application of dopamine (10 or 100 M; 5-10 min) on AP backpropagation. As reported previously (Penit-Soria et al., 1987; Geijo-Barrientos and Pastore, 1995; Yang and Seamans, 1996; Shi et al., 1997; Jaffe, 1998, 2001; Wang and O'Donnell, 2001) , dopamine application at 10 M induced a variety of effects on prefrontal layer 5 pyramidal neurons in vitro, including depolarization, a decrease in input resistance, and modulation of excitability during somatic current injection (Table 1). Surprisingly, however, dopamine application did not significantly affect AP backpropagation into the apical dendrites of these neurons (Fig. 5) . In the presence of dopamine, the amplitudes of dendritically recorded backpropagating APs (50 -480 m from the soma) were 98 Ϯ 1% of baseline values (control AP amplitude, 69 Ϯ 3 mV; AP amplitude in dopamine, 68 Ϯ 3 mV; n ϭ 25). We also investigated a possible distance dependence to the action of dopamine by comparing changes in AP amplitude and half-width during dopamine application as a function of distance from the soma (Fig. 5 B, C) . Dopamine had no significant effect on either dendritic AP amplitude or half-width at distances up to 480 m from the soma. In additional experiments using antidromic stimulation, dopamine also failed to have any significant effect on the width of backpropagating APs at 15% of peak amplitude (mean change, Ϫ8.4 Ϯ 3.1%; n ϭ 11).
To test whether dopamine had an effect on frequencydependent depression of backpropagating APs, we bath-applied dopamine during high-frequency trains of 10 APs generated at 10, 20, 50, and 100 Hz (Fig. 6) . Because frequency-dependent depression of backpropagating APs is attributable to cumulative sodium channel inactivation (Colbert et al., 1997; Jung et al., 1997) , one would expect that small changes in sodium channel availability would have a significant effect on the amplitude of backpropagating APs during high-frequency trains. Dopamine applied under these conditions might expose an otherwise modest dopamine-induced modulation of dendritic sodium channels that is insufficient to affect single backpropagation APs. As seen in Figure 6 , however, dopamine had no such effect on frequencydependent depression of backpropagating APs (n ϭ 11). This was true for all frequencies (Fig. 6 B) and at all dendritic recording locations (Fig. 6C ).
In the above experiments, 10 M dopamine had no effect on AP backpropagation. However, it is possible that 10 M is not a concentration that is high enough to modulate backpropagating action potentials. To maximally activate dopamine receptors, in six experiments, we bath-applied dopamine at a high concentration (100 M) in the presence of the dopamine uptake blocker nomifensine (1 M). This higher concentration of dopamine had no significant effect on AP backpropagation. Mean change in AP amplitude was Ϫ0.5 Ϯ 1.1% at the soma and Ϫ1.6 Ϯ 0.7% at dendritic locations (120 -410 m from the soma). Similarly, we observed no significant effect of dopamine (100 ϩ 1 M nomifensine) on dendritic AP half-width or rise time (n ϭ 6; data not shown).
These experiments rule out a role for dopamine in the modu- Excitability was measured either during dopamine-induced depolarization (with depolarization) or with the membrane potential adjusted to control levels with a somatic DC bias current (hyperpolarized). Excitability was measured as number of spikes in response to a given somatic current injection (ϳ300 pA, 1 sec). R N , Input resistance; V M , resting membrane potential. lation of backpropagating APs. To test whether dopamine could affect the local generation of dendritic spikes, we bath-applied dopamine (10 M) under conditions in which dendritic spikes were generated by powerful dendritic current injection or synaptic stimulation. In seven of seven cells, the presence of dopamine had no effect on the initiation of dendritic spikes by strong dendritic depolarization via either direct current injection (Fig. 7A ) (n ϭ 5) or strong synaptic activation of the apical dendrite ( Fig.  7B ) (n ϭ 2).
Calcium imaging of backpropagating APs
Although the experiments described above demonstrate that dendritic voltage-activated calcium channels do not play a significant role in AP backpropagation and dendritic spike initiation in prefrontal cortex pyramidal neurons, previous data in both hippocampal and somatosensory cortical pyramidal neurons indicate that activation of dendritic calcium channels by backpropagating APs can lead to a significant rise in intracellular calcium (Jaffe et al., 1992; Schiller et al., 1995) . To investigate whether this is also the case in prefrontal pyramidal neurons, we used confocal microscopy and a calcium-sensitive fluorescent dye (Oregon Green BAPTA-1; 200 M) to image changes in intracellular calcium at different locations along the somatodendritic axis (Fig.  8 A) : at the intersection of the soma and apical dendrite (n ϭ 5), in the apical trunk (ϳ200 m from the soma; n ϭ 5), and on primary or secondary branches of the apical tuft (400 -600 m from the soma; n ϭ 5). Somatic current injection was used to generate either single APs or trains of three to five APs (50 Hz) and line scans used to access changes in fluorescence (Fig. 8 B) . As is the case in both hippocampal and somatosensory cortical pyramidal neurons, backpropagating APs generated transient rises in intracellular calcium at all dendritic locations examined (Fig.  8C ). This indicates that backpropagating APs in prefrontal pyramidal neurons activate dendritic voltage-activated calcium channels, although their activation is not required to sustain backpropagation. The magnitude of AP-induced calcium signals was dependent on location, presumably resulting from differences in surface/volume ratio, local dye concentration, and the extent of AP backpropagation. Importantly, in the proximal tuft, we observed that the response to five APs was often similar to, or not much larger than, the response generated by a single AP (Fig. 8C,  bottom) . This is presumably a consequence of frequencydependent attenuation of AP backpropagation at these locations (Fig. 2) . Previous data suggest that dopamine can downregulate calcium channels in the apical dendrites of prefrontal pyramidal neurons (Yang and Seamans, 1996) . We therefore tested the possibility that dopamine might modulate the rise in intracellular calcium generated by backpropagating APs (Fig. 9) . To correct for time-dependent decreases in ⌬F/F (Fig. 9A) , which could influence the interpretation of experiments with dopamine, we compared the calcium signals induced by backpropagating APs in the presence of dopamine with the average of AP-induced calcium transients observed before and after dopamine application (Fig. 9 B, C) (see Materials and Methods). As summarized in Figure 9D , no significant effect of dopamine was observed on AP-induced calcium influx for either single or multiple APs at any of the tested dendritic locations (n ϭ 5 for each location). In separate control experiments, focal TTX application (1 M) to the apical dendrite (200 m from the soma) reversibly decreased backpropagating AP-induced calcium influx during trains of five APs by 84 Ϯ 9% (n ϭ 3; data not shown), indicating that changes in backpropagating AP-induced calcium influx can be detected with our system. The absence of an effect of dopamine on back- propagating AP-induced calcium influx is consistent with our observation of no effect of dopamine on electrically recorded backpropagating APs. In addition, these imaging data demonstrate that dopamine does not modulate dendritic voltageactivated calcium channels activated by backpropagating APs.
Finally, we explored AP backpropagation into the distal tuft near the outer edge of layer 1 (Fig. 10 A) (150 -250 m from the base of the apical tuft). At these distal locations, single APs or AP trains at low frequencies (50 Hz) failed to produce any observable rise in intracellular calcium. Detectable rises in intracellular calcium were only observed during higher frequency AP bursts (Fig.  10 B, C ) (3-6 APs at 200 Hz; n ϭ 5). By analogy with similar findings in layer 5 pyramidal neurons from somatosensory cortex (Larkum et al., 1999b) , this suggests that AP backpropagation into the distal tuft of layer 5 pyramidal neurons in the prefrontal cortex is frequency dependent and requires high-frequency (200 Hz) AP burst firing. In general, peak ⌬F/F values were smaller at more distal locations and required a greater number of APs in the burst to evoke a detectable rise in calcium (Fig. 10 D) . In four of these experiments, dopamine (10 M) was bath applied to test for modulation of calcium signaling in the distal tuft. As observed at more proximal locations, dopamine had no significant effect on the occurrence or magnitude of calcium signals at these distal tuft locations (Fig. 10 E, F ) .
Discussion

Active propagation in dendrites
The ability of axonally generated APs to actively propagate into dendrites has been assessed in a number of neuronal types from a variety of brain regions and has been found to be strongly dependent on the specific type of neuron studied. Some neurons, such as cerebellar Purkinje cells, exhibit no active AP backpropagation (Stuart and Häusser, 1994) , whereas other neurons, such as midbrain dopaminergic neurons (Häusser et al., 1995) and mitral cells in the olfactory cortex (Bischofberger and Jonas, 1997; Chen et al., 1997) , show robust nondecremental AP backpropagation. Pyramidal neurons from the somatosensory cortex and CA1 region of the hippocampus exhibit moderate AP propagation (Stuart and Sakmann, 1994; Spruston et al., 1995) , which is strongly dependent on ion channel expression and morphology (Magee and Carruth, 1999; Golding et al., 2001; Vetter et al., 2001; Tsay and Yuste, 2002) . , somatic current injection produces APs (top) that result in a calcium-dependent change in fluorescence imaged using a line scan at the intersection of the soma and apical dendrite (bottom). C, Plot of ⌬F/F in response to a similar spike train imaged at three locations: the intersection of the soma and apical dendrite (top), in the apical dendrite (middle; ϳ200 m from the soma), and in a proximal branch of the apical tuft (bottom; ϳ500 m from the soma). Data are from three different neurons. Here, we show that the apical dendrites of layer 5 pyramidal neurons of the prefrontal cortex are also capable of supporting active AP backpropagation, suggesting that AP backpropagation may be a common feature of all pyramidal neurons. AP backpropagation into the apical dendrites of prefrontal neurons was found to have several characteristics similar to AP backpropagation observed in somatosensory cortex. Backpropagating AP conduction speed and magnitude of AP attenuation during single APs, as well as AP-induced calcium influx, were similar to previous findings in somatosensory layer 5 pyramidal neurons Stuart et al., 1997) . In addition, AP backpropagation into the most distal dendrites was found to be frequency dependent, requiring high-frequency AP bursts, as is the case in distal dendrites of pyramidal neurons from somatosensory cortex (Larkum et al. 1999b; Williams and Stuart, 2000) . In contrast, we found no evidence for either dendritic calcium electrogenesis during high-frequency AP firing or initiation of dendritic calcium spikes, which are common features of the distal apical dendrites of layer 5 pyramidal neurons from somatosensory cortex (Amitai et al., 1993; Kim and Connors, 1993; Schiller et al., 1995; Stuart et al., 1997; Larkum et al., 1999a Larkum et al., ,b, 2001 Williams and Stuart, 1999 , 2000 . These differences suggest that dendritic calcium electrogenesis is significantly reduced in prefrontal cortex layer 5 pyramidal neurons in comparison with layer 5 pyramidal neurons from somatosensory cortex. This conclusion is consistent with previous reports of little, if any, calcium electrogenesis in the apical dendrite of prefrontal pyramidal neurons (Seamans et al., 1997; Gonzalez-Burgos and Barrionuevo, 2001 ).
Lack of modulation by dopamine
Because dopamine has previously been reported to either facilitate (Yang and Seamans, 1996; Gorelova and Yang, 2000) or depress (Geijo-Barrientos and Pastore, 1995; Maurice et al., 2001) sodium currents in prefrontal pyramidal neurons, we were especially interested in examining the effect of dopamine on AP backpropagation. In our experiments, bath application of dopamine led to changes in resting potential, input resistance, and excitability (Table 1) , consistent with the actions of dopamine on prefrontal cortex pyramidal neurons reported previously (Penit-Soria et al., 1987; Geijo-Barrientos and Pastore, 1995; Yang and Seamans, 1996; Shi et al., 1997; Jaffe, 1998, 2001; Wang and O'Donnell, 2001) . Despite these actions of dopamine, we observed no change in the amplitude or kinetics of dendritically recorded backpropagating APs or any effect on dendritic spike initiation. In addition, dopamine had no effect on frequencydependent attenuation of backpropagating APs during highfrequency AP trains, in which small changes in dendritic sodium channel availability should be easily detected. Consistent with previous findings (Gulledge and Jaffe, 2001 ), we also observed no effect of dopamine on the amplitude or kinetics of somatic APs.
Together, these data demonstrate that dopamine does not modulate the sodium channels that sustain AP initiation or backpropagation in prefrontal layer 5 pyramidal neurons. Dopamine also fails to modulate sodium channel-dependent boosting of artificial EPSPs generated by current injection into the apical dendrites of prefrontal pyramidal neurons (G. Gonzalez-Burgos, personal communication). The explanation for why we observed no effect of dopamine on AP initiation and backpropagation, despite previous work showing dopaminergic regulation of sodium channels in prefrontal pyramidal neurons (GeijoBarrientos and Pastore, 1995; Yang and Seamans, 1996; Gorelova and Yang, 2000; Maurice et al., 2001 ), remains to be determined.
Because dopamine has been shown to reduce calcium channel activation in the prefrontal cortex (Yang and Seamans, 1996) as well as other cells types (Sah and Bean, 1994) , we suspected that dopamine might depress dendritic calcium transients generated by backpropagating APs. However, calcium imaging experiments demonstrated no such effect of dopamine at any of the dendritic locations examined. Thus, we find no evidence in favor of the notion that dopamine modulates active conductances in the apical dendrites of prefrontal pyramidal neurons. This conclusion is consistent with the finding that dopaminergic input to the prefrontal cortex is made preferentially to the deeper cortical layers, close to the soma of layer 5 neurons, rather than in the superficial layers containing the apical dendrites of these neurons (Berger et al., 1991) . However, it should be noted that our data do not rule Hz were generated by brief somatic current injections (B 1 ), whereas simultaneous line scans taken across dendrites in the distal apical tuft produce the corresponding calcium transients (B 2 ). C, Plots of average ⌬F/F for five trials similar to that shown in B. Numbers refer to somatic APs generated per trial. Note that a detectable calcium signal is only observed during bursts of three or more APs. D, Plot of peak ⌬F/F during high-frequency AP bursts as a function of distance from the soma. The numbers indicate the minimum number of APs needed to evoke a detectable calcium signal at each location. E, Plot of average ⌬F/F during AP bursts of three to six APs (200 Hz) under control conditions (black) and during bath application of 10 M dopamine (gray). F, Summary of peak ⌬F/F in control and dopamine (10 M; n ϭ 4) conditions at distal tuft locations during highfrequency AP bursts. The minimum number of APs needed to evoke a detectable calcium signal under control conditions was used for comparison of control and dopamine responses.
out the possibility that dopamine might modulate AP backpropagation or initiation in more developmentally mature animals (i.e., those more than 5 weeks of age).
Functional implications
One hypothesis regarding dopaminergic action during working memory tasks is that dopamine "uncouples" inputs to the apical dendrite from the rest of the neuron by downregulating active dendritic conductances (Yang and Seamans, 1996; Durstewitz et al., 2000; Dreher et al., 2002) . The data presented here argue against this hypothesis, because we find no evidence for dopamine modulation of the dendritic sodium conductances that support AP backpropagation in prefrontal pyramidal neurons. Furthermore, we find no evidence for modulation of the dendritic calcium conductances activated by backpropagating APs and responsible for AP-induced increases in dendritic calcium.
Although our data suggest that dopaminergic modulation of dendritic conductances does not underlie the persistent activity associated with working memory, AP backpropagation itself may play an important role in maintaining sustained activity in prefrontal pyramidal neurons during the delay periods associated with working memory tasks. Working memory delay periods are associated with irregularly timed high-frequency burst discharges (Compte et al., 2003) . Such irregular high-frequency discharges promote AP backpropagation into the distal apical dendrites of somatosensory layer 5 pyramidal neurons (Williams and Stuart, 2000) , and our data suggest this is also the case in prefrontal layer 5 pyramidal neurons (Fig. 10) . Amplification of AP backpropagation into distal dendrites during high-frequency discharges will increase the interaction of backpropagating APs with concurrent excitatory synaptic input, which could, in principle, further enhance the rate of AP output (Larkum et al., 1999a; Stuart and Häusser, 2001) . Such interactions between backpropagating APs and excitatory synaptic inputs onto the distal dendrites of prefrontal pyramidal neurons is likely to be enhanced during working memory tasks, because transient increases in extracellular dopamine (Watanabe et al., 1997) may enhance the NMDA component of excitatory responses (Seamans et al., 2001; Wang and O'Donnell, 2001) . In this way, active AP backpropagation in prefrontal pyramidal neurons may facilitate the development and maintenance of persistent activity during tasks requiring working memory.
